Abstract
Introduction
n recent years, there has been an expansion of interest in organic solar cells due to their low cost process, high absorption coefficient and green environment technologies. Because of their narrow absorption spectrum as compared with crystal materials , their relatively low electric constant and suffering from their stability, the organic-inorganic hybrid structure has been proposed.
In these devices, the inorganic upper sub-cell absorbs the UV photon from the sun spectrum significantly reduces degeneration of organic lower sub-cell . Additionally, they increase the power conversion efficiency due to their tandem structure . Hydrogenated amorphous silicon (aSi:H) is one of the candidate materials for upper sub-cell because of its relatively high open circuit voltage (VOC) and fill factor (F.F). Fig. 1 . shows the configuration of the organicinorganic hybrid tandem solar cell. As shown in Fig. 1 , the a-Si:H first sub-cell is deposited on 50 nm ITO coated glass. The thicknesses of the aSi:H layers are 5 nm, 120 nm, and 25 nm for p + , i, n + layers, respectively. A 5 nm intermediate layer made of MoO3 (Aldrich) was applied between the sub-cells as an efficient hole transporting layer. The 70 nm bulk PCPDTBT:PC70BM organic layer was used as a second sub-cell. And finally 20 nm TiO2 electron transport layer and 100 nm Aluminum contact were applied.
The employed simulation is based on a modified drift-diffusion model, taking into account results from microscopic modeling. The model can be used to describe the hopping nature of charge transport and the bimolecular Langevin recombination in organic material. To account for disorder in amorphous sub-cell, a Gaussian broadened density of state and FermiDirac statistic with a generalized Einstein relation are applied.
Transmittance of the a-Si:H p + -i-n + layer and absorbance of the PCPDTBT:PC70BM blend film are considered as mentioned in.
Numerical simulation
There are several models for the simulation of semiconductor devices. Drift-diffusion model (DDM) is one of the most widely used among them, which includes the following three equations:
(1) where V is the electrostatic potential, n is the electron density, p is the hole density, Dop is the doping profile, Jn and Jp are the electron and hole current density, U is the net generationrecombination rate of conduction electrons and holes, q is the electron charge, and ɛ is the dielectric permittivity.
In 1964, Gummel proposed a self-consistent method for solving these equations. In this algorithm, the Poisson's equation is solved for an initial condition for the carrier density. Then, the current continuity equation for the electron and hole are solved for the potential obtained from Poisson's equation. Poisson's equation will be resolved again for the new values obtained from the current continuity equation. This trend continues until a desired error is achieved.
Gummel's method is based on a highly effective decoupling algorithm which is widely used in crystalline semiconductor device simulation. Because the desired solar cell structure consists of a hydrogenated amorphous silicon upper sub-cell and an organic lower subcell, we used the adapted Gummel's method I proposed by Kemp for amorphous semiconductors and Koster's model for organic semiconductors which are described below.
Adapted Gummel method
There are always defects in the structure of amorphous materials that can be caused by dangling-bonds in the surface or the presence of impurities within the bulk. The presence of these defects will change the electrical properties of the device because of their trap levels in the bandgap and changes in the carrier density of conduction and valance bands.
These changes were modeled by Kemp. They imported a trapped carrier density into the left hand side of Poisson's equation and modified the initial and boundary conditions which is described as follows:
where N + D.trap and N + D.trap are the densities of ionized donor-like and acceptor-like traps respectively. Moreover, they used SRH recombination model to describe the effect on recombination states.
Koster's model
Many researchers applied models valid for inorganic devices to organic devices. However, the difference between the generation and recombination processes in organic and inorganic materials reduces the accuracy and validity of the previous works. In 2007 Koster proposed a model for explaining the electrical behavior of a bulk Heterojunction organic solar cell. In his model, the blend layer of two organic materials is equivalent to a single material whose bandgap is the same as the effective bandgap described by Vandewal as follows. where Eeff is the effective bandgap, HOMODonor is the highest occupied molecular orbit and LUMOAcceptor is the lowest un-occupied molecular orbit of acceptor organic material.
The model also accounts for bimolecular Langevin recombination. Equation (6) is the mathematical description of Koster's exciton change rate, where G(x) is the one-dimentional photogeneration rate of excitons and described as Equation (7).
where R is the bimolecular Langvin recombination, μn and μp are electron and hole mobility, ni is the intrinsic carrier concentration, kf is the bound pair decay rate, kdiss is the exciton dissosiation rate constant and X is the density of electron-hole pairs.
Simulation results and discussion
The accuracy of the simulation depends on the accuracy of the material parameters used and the device model. Table 1 and Table 2 show the parameters used for the simulation of the hybrid tandem solar cell illustrated in Fig. 1 . In addition, for simulation of a solar cell, it may be illuminated by a constant wavelength of light or a complex spectrum such as Air Mass Zero (AM0) or AM1.5 spectrum. Since in article [4] the current density-voltage (J-V) curves was measured under light intensity of 100 mW/cm 2 , the AM1.5G spectrum was used in this simulation. Results obtained from simulation using modified DDM for single-junction and tandem multijunction hybrid solar cell are shown in Fig.  3 . The solid lines show the experimental data extract using WebPlotDigitizer which is a free web-based application and the dotted line shows the simulation results for the corresponding cells.
The corresponding Photovoltaic parameters of solar cells are listed in Table 3 . As can be seen, there is a very good correlation between the experimental data and the results of the simulation.
After the necessary accuracy of the simulation was observed, we used this model to optimize the thickness of the active layer of bulk organic cell.
Although there was a slight difference between the experimental data and the simulation results, this would not affect the process of optimizing the blend layer in the organic second cell, because this difference is constant and exists in all results.
To study the effect of the thickness of the blend layer on the outputs of the organic cell and subsequently the organic-inorganic tandem hybrid cell, the thickness of the active layer of the PCPDTBT:PC70BM cell was changed from 10 nm to 400 nm, and the major output parameters as the open circuit voltage, the short circuit current, the fill factor, the current and the voltage corresponding to maximum power point, and the maximum output power were measured. The results are shown in Fig. 3 .
It is observed from Fig. 3 that the open circuit voltage (VOC) is almost constant with the variation in thickness such that it initially decreases slightly with the increase in thickness but then remaining constant. Needless to say, the open circuit voltage is directly proportional to the effective band gap of the device so the OC V remains predictably constant. Due to the bimolecular recombination and the bound pair decay rate, the fill factor (F.F) and voltage Vm corresponding to the maximum power point show a decreasing trend with the increase in thickness.
The short circuit current density (JSC) increases up to a thickness of 138 nm with increased thickness of active layer, but it will have a downward trend thereafter. Thus, it is predictable that the maximum output power should have a maximum point. This point should be placed at a thickness of 60 nm. Like the short circuit current, the maximum current (Jm) initially increases by increasing the thickness of the active region to 100 nm, and then it decreases after the thickness of active layer is increased.
In order to increase the short circuit current density of the cell, (considering that the open circuit voltage is almost constant by changing the thickness of the active region) 138 nm thick is assumed for the active region. The simulation results for the modified hybrid tandem solar cells with 138 nm thickness of organic blend layer are shown in the last row of Table 3 . As can be seen, the short circuit current density and PEC increase from 2.98 (mA/cm 2 ) and 1.9 (%) to 3.62 (mA/cm 2 ) and 2.1 (%) respectively. 
Conclusion
We have simulated an organic-inorganic hybrid tandem multijunction aSi:H/PCPDTBT:PC70BM solar cell using a modified drift-diffusion model. The results of simulation were compared with experimental data. The dependence of the short circuit current density, the open circuit voltage, the fill factor, the current density and voltage corresponding to maximum power point, and the maximum output power on the thickness of the active region of organic sub-cell were quantified and the optimum thickness of the blend layer for the maximum short circuit current density was determined.
Finally the modified hybrid tandem solar cell with 138 nm thickness of the organic active layer was simulated and it was observed that the short circuit current density and PEC increased from 2.98 (mA/cm 2 ) and 1.9 (%) to 3.62 (mA/cm 2 ) and 2.1 (%) respectively.
